(Invitrogen) or by transduction with pLPCX vectors as described above. The HA-tagged proteins were detected in whole-cell lysates (100 mM (NH 4 ) 2 SO 4 , 20 mM Tris-HCl (pH 7.5), 10% glycerol, 1% Nonidet P40) by western blotting with horseradish peroxidase (HRP)-conjugated 3F10 antibody (Roche). b-Actin was detected with A5441 antibody (Sigma).
RNA interference
Eight siRNAs directed against TRIM5a rh were designed using the siRNA Selection Program (Whitehead Institute for Biomedical Research, 2003) and purchased from Dharmacon RNA Technologies: siRNA 1, 5 0 -GCUCAGGGAGGUCAAGUUGdTdT-3 0 ; siRNA 2, 5 0 -GAGAAAGCUUCCUGGAAGAdTdT-3 0 ; siRNA 3, 5 0 -GCCUUACGAA GUCUGAAACdTdT-3 0 ; siRNA 4, 5 0 -GGAGAGUGUUUCGAGCUCCdTdT-3 0 ; siRNA 5, 5 0 -CCUUCUUACACACUCAGCCdTdT-3 0 ; siRNA 6, 5 0 -CGUCCUGCACUCAU CAGUGdTdT-3 0 ; siRNA 7, 5 0 -CAGCCUUUCUAUAUCAUCGdTdT-3 0 ; siRNA 8, 5
0 -CUCCUGUCUCUCCAUGUACdTdT-3 0 . Four of the siRNAs (1-4) were directed against TRIM5 coding sequences common to the messenger RNAs of all of the TRIM5 isoforms. Four of the siRNAs (5) (6) (7) (8) were directed against the 3 0 UTR specific to the mRNAs encoding TRIM5a and TRIM51. Two of the siRNAs (2 and 8) showed some toxicity to HeLa cells and were not studied further. After transfection into PRL cells, the remaining six siRNAs all showed ability to relieve the block to HIV-1-GFP infection ( were seeded in six-well plates and transfected with 120 nM siRNA by using 10 ml of Oligofectamine (Invitrogen). After 48 h, cells were reseeded for HIV-1-GFP infection. In some experiments, HeLa and PRL cells were transduced with a pLPCX vector encoding TRIM5a rh -escape or an empty pLPCX vector as a control. After 48 h, the cells were transfected with siRNA; and after 2 d, the cells were replated and used for infection. In the vector encoding TRIM5a-escape, silent mutations at the siRNA 3 recognition site changed the wild-type sequence from 5 0 -GCCTTACGAAGTCTGAAAC-3 0 to 5 0 -GGTTAACGAAGAGCGAAAC-3 0 .
23. Turelli, P. et al. Supplementary Information accompanies the paper on www.nature.com/nature.
Neutrophil leukocytes have a pivotal function in innate immunity. Dogma dictates that the lethal blow is delivered to microbes by reactive oxygen species (ROS) and halogens 1,2 , products of the NADPH oxidase, whose impairment causes immunodeficiency. However, recent evidence indicates that the microbes might be killed by proteases, activated by the oxidase through the generation of a hypertonic, K 1 -rich and alkaline environment in the phagocytic vacuole 3 . Here we show that K 1 crosses the membrane through large-conductance Ca 21 -activated K 1 (BK Ca ) channels. Specific inhibitors of these channels, iberiotoxin and paxilline, blocked oxidase-induced 86 Rb 1 fluxes and alkalinization of the phagocytic vacuole, whereas NS1619, a BK Ca channel opener, enhanced both. Characteristic outwardly rectifying K 1 currents, reversibly inhibited by iberiotoxin, were demonstrated in neutrophils and eosinophils and the expression of the a-subunit of the BK channel was confirmed by western blotting. The channels were opened by the combination of membrane depolarization and elevated Ca 21 concentration, both consequences of oxidase activity. Remarkably, microbial killing and digestion were abolished when the BK Ca channel was blocked, revealing an essential and unexpected function for this K 1 channel in the microbicidal process. The NADPH oxidase is required for normal immunity 1,2 ; where defective it results in chronic granulomatous disease (CGD) 4 . The letters to nature oxidase transfers electrons from NADPH to oxygen, forming superoxide anions (O 2 2 ) in the phagocytic vacuole 4 . This process is electrogenic 5 . The charge generated by the passage of electrons across the membrane is compensated for 6 in part through a K þ flux 3 , which seems essential for microbial killing by these cells 3 . Because of the importance and novelty of this process, we have now sought the identity of the K þ channel involved. The NADPH oxidase pumps O 2 2 into the vacuole, which, together with its dismutation product O 2 22 , becomes protonated, consuming H þ ions. The observed increase in vacuolar pH (ref. 7) depends on charge compensation with ions other than protons from the cytoplasm. We predicted that blockade of the channel through which K þ enters the vacuole would cause pH to decrease, whereas opening the channels excessively would cause pH to increase above normal. Using fluorescein conjugated to Staphylococcus aureus as a pH indicator we found that modulators of the BK Ca channel produced the appropriate alterations (Fig. 1a) . Iberiotoxin (for which the concentration for 50% inhibition (IC 50 ) is 9.7 nM) and paxilline (IC 50 17 nM), both highly selective and potent inhibitors 8, 9 , prevented alkalinization (Fig. 1a, b) , as did the oxidase inhibitor diphenylene iodonium (DPI) 5 , whereas other K þ channel blockers-4-aminopyridine (4-AP) 10 , apamin 11 , glibenclamide 12 and anandamide 13 -did not (Fig. 1a, b) . The selective opener NS1619 (ref. 14) elevated pH above normal (Fig. 1a, b) , unlike the K ATP channel opener levcromakalim 14 ( Fig. 1a) . 86 Rb þ is commonly used as a surrogate for K þ in flux studies. When the oxidase is activated by 12-O-tetradecanoylphorbol-13-acetate (TPA), the O 2 2 and 86 Rb þ are expelled into the extracellular medium. Figure 1c shows that the 86 Rb þ flux increased fourfold after stimulation with TPA; an efflux approaching this was also induced by opening the BK Ca channel with NS1619 and was even further enhanced by combining this opener with TPA. The K þ efflux that resulted from stimulation with TPA was completely abrogated by iberiotoxin or paxilline, confirming that the efflux of 86 Rb þ occurred through BK Ca channels. The requirement for an active oxidase was shown by the inhibition of 86 Rb þ flux by DPI. The release of the isotope induced by NS1619 was also completely abolished by iberiotoxin. Once again, 4-AP was without effect. Similar results were obtained with eosinophils (Fig. 1d) .
The expression of the BK Ca channels was detected in cell membranes and in membrane obtained from cytoplasmic granules (Fig. 1e ), but not in the cytoplasm of neutrophils, by western blotting with an antibody to the a-subunit of the channel. Eosinophils contained about one-half of the amount of protein present in neutrophils (compare lanes 1 and 2 in Fig. 1e ). Reverse-transcriptase-mediated polymerase chain reaction (RT-PCR) on mRNA derived from HL-60 cells with primers corresponding to the sequence of the a-subunit of the BK Ca channel produced the predicted 479-base-pair product in cells induced with dimethyl sulphoxide (DMSO) to differentiate along the granulocyte lineage, but not in undifferentiated cells. The sequence of this PCR product corresponded exactly to nucleotides 2,822-3,301 of the hSlo complete coding sequence (U11717) 15 .
In patch-clamp studies 16 of neutrophils, we observed small outward currents averaging about 250 pA at þ140 mV under resting conditions. Current density varied from cell to cell; this might reflect variable activation of the oxidase by contact with the glass of the coverslip or pipette. After the addition of TPA, a large outwardly rectifying current developed at potentials positive to 230 mV, taking several minutes to develop, and tending to increase slightly with time thereafter. Small, variable inward currents, and inward tails, were observed at hyperpolarized potentials of less than 2100 mV, and these became more obvious as the pulse times were increased. All these currents were completely and reversibly inhibited by iberiotoxin (Fig. 2a , upper panels, and b).
The accepted model for such electrophysiological studies is the eosinophil 16, 17 , and similar 86 Rb þ fluxes ( Fig. 1d ) and TPA-activated outward currents, which were reversibly inhibited by iberiotoxin (Fig. 2c , top panels, and d), were also seen in these cells. Because the currents measured in eosinophils were only about one-third of those observed in neutrophils, this might suggest a lower oxidase activity in these cells, despite reports to the contrary 18 . We therefore measured the rates of both oxygen consumption and superoxide generation by these two cell types and showed both to be two to three times as rapid in neutrophils as in eosinophils under our experimental conditions (Fig. 2g) .
In addition we performed cell-attached single-channel recordings from TPA-stimulated neutrophils and observed channels activated by depolarization with a characteristically large single-channel conductance 15 ( Fig. 2e) . It has been suggested that the charge induced by electron translocation through the NADPH oxidase (I e ) is compensated for by proton efflux 5, 6, 16 . One of the foundations for this assumption is that both Zn 2þ and Cd 2þ , known proton channel blockers 16, 19 , were also thought to inhibit O 2 2 production 6,16 . We examined the effect of Zn 2þ and Cd 2þ on 86 Rb þ release, which we expected to be depressed through an inhibition of I e . Perversely, we found that 86 Rb þ release was greater in TPA-stimulated neutrophils and eosinophils in their presence (Fig. 2f) and that Zn 2þ , at concentrations three orders of magnitude greater than those causing almost complete blockage of proton channels 20 , was also without effect on the currents from neutrophils (Fig. 2a, lower panels) and eosinophils (Fig. 2c, middle panels, and d) . We therefore reexamined the influence of Zn 2þ and Cd 2þ on oxidase activity. (Fig. 3a) and eosinophils (Fig. 3b) .
] c with the ionophore A23187, which produced a large fluorescence signal from the intracellular Ca 2þ indicator Fluo-4 acetoxymethyl ester (AM) (Fig. 3g) , was sufficient to open the K þ channel fully (Fig. 3a) .
86
Rb þ release was slightly increased by the addition of A23187, which is a weak stimulus for NADPH oxidase and membrane depolarization 22 . The combination of membrane depolarization and A23187 caused as much 86 Rb þ efflux from both neutrophils and eosinophils (Fig. 3a, b (Fig. 3g) , and fura-2 and indo-1 in fluorescence imaging at the level of the single cell 24 (Fig. 3c, e) , we found that an increase in [Ca 2þ ] c coincided with initiation of the oxidase activity, measured with hydroethidine 25 (Fig. 3c) . The increase in [Ca 2þ ] c was inhibited by DPI (Fig. 3d) , linking the signalling pathway to the activity of the oxidase.
Increases in intracellular [Ca 2þ ] were not blocked by chelating external Ca 2þ with EGTA but were inhibited by pretreatment with the microsomal Ca 2þ -ATPase inhibitor thapsigargin 26 ( Fig. 3g) 3 , and charge separation across the membrane leaves relatively large concentrations of protons on the cytosolic side. This letters to nature was detected by confocal imaging of pH i with the dual-wavelength ratiometric indicator 5 0 -(and 6 0 )-carboxy-seminapthorhodofluor-1 (carboxy-SNARF), which revealed that TPA caused an intracellular acidification clearly localized beneath the plasma membrane (Fig. 3e, f) . In addition, confocal imaging under ultraviolet with Indo-1 as a ratiometric dual-emission Ca 2þ indicator also showed that the increase in [Ca 2þ ] c was also predominantly localized under the plasma membrane in many cells, although in others it was more generalized.
Specific and complete inhibitors of the BK Ca channel made it possible to selectively examine the role of K þ flux through BK Ca channels, and the consequent elevation of vacuolar pH, in the killing of microbes 3 . Paxilline and iberiotoxin, but not 4-AP, completely inhibited the killing of S. aureus and Serratia marcescens-which classically infect CGD patients 4 -and Candida albicans (Fig. 4a-c) . This failure of killing occurred despite totally normal oxidase activity, phagocytosis and iodination (Fig. 4e-g ) and a normal composition of granule enzymes. The disruptive effects of channel block on the enzymatic digestion of dead bacteria were also striking (Fig. 4d) . ] c (curve 5) that was blocked by DPI (curve 2), CCCP (curve 3) and thapsigargin and EGTA (curve 1) but not by EGTA alone (curve 4). Curve 6 shows the effect of TPA, DPI and A23187; curve 7 shows the effect of acidification of cytosol with NH 4 Cl washout (blue arrow). (Agents were applied at the black arrow.) letters to nature These data have significance beyond the inherent value of defining the precise molecular mechanisms involved in a physiological process of paramount importance to survival. The perception that neutrophils kill microbes through toxic oxygen radicals and their metabolites provided much of the biological basis for the theories relating the toxicity of oxygen radicals to the pathogenesis of a wide variety of human diseases, and the development of antioxidant drugs for their treatment 29 . These theories and treatments merit re-evaluation.
A
Methods

Concentrations of reagents
Unless otherwise stated, the concentrations of reagents were as follows: A23187, 10 mM; apamin, 200 nM; anandamide, 3 mM; 4-AP, 4 mM; Cd 2þ , 3 mM; DPI, 5 mM; EGTA, 3 mM; glibenclamide, 10 mM; iberiotoxin, 100 nM; levcromakalim, 10 mM; NS1619, 30 mM; paxilline, 300 nM; TPA, 1 mg ml
21
; Zn 2þ , 3 mM; superoxide dismutase, 1 mg ml 21 .
Purification of cells
Granulocytes were purified from human blood. Eosinophils were isolated by negative selection with anti-CD16 immunomagnetic beads 16 .
Measurement of vacuolar pH and [Ca 21 ] c
Vacuolar pH was determined from the excitation spectrum of fluorescein-labelled, IgG-coated S. aureus 7 . Neutrophils, purified from human blood in Dulbecco's phosphatebuffered saline (PBS; 140 mM NaCl, 10 mM KCl, 10 mM Na 2 H 2 PO 4 , 5 mM glucose pH 7.3) were plated into black-walled clear-based 96-well plates at a density of 1.5 £ 10 7 per well, and mixed with inhibitors and/or openers for 3 min at 37 8C. Fluorescein-labelled, IgG-coated S. aureus cells (2.5 £ 10 6 ) were then mixed with the neutrophils and the fluorescence (l ex 494 nm, l em 518 nm) from each well was measured at intervals in a fluorimetric imaging plate reader (FLIPR; Molecular Devices). A comparison of fluorescence was made with a calibration curve generated with free bacteria in buffers of different pH values. Curves in Fig. 1b were fitted by nonlinear regression analysis using the equation for a sigmoid concentration-response curve (GraphPad Prism, GraphPad) with the Hill coefficient constrained to one.
For measurements of [Ca 2þ ] c , cells were plated on black-walled clear-based 96-well plates at a density of 10 6 per well, incubated with Dulbecco's PBS containing Fluo-4 AM (4 mM; Molecular Probes) for 2 h and washed three times to remove extracellular Fluo-4 AM. Fluorescence (l ex 494 nm, l em 518 nm) from each well was measured before and after the addition of DPI and/or TPA and/or A23187. In thapsigargin experiments, neutrophils were preincubated for 30 min in PBS containing 500 nM thapsigargin and 3 mM EGTA, after which Fluo-4 AM was added. Washing steps were performed in Ca 2þ -free Dulbecco's PBS supplemented with 3 mM EGTA. In other experiments, neutrophils were preincubated in Ca 2þ -free Dulbecco's PBS containing 3 mM EGTA for 10 min before the addition of TPA. The effect of intracellular pH changes on [Ca 2þ ] was studied with NH 4 Cl as described 28 .
Measurement of 86 Rb 1 fluxes
86
Rb þ efflux was measured as described previously 3 . Labelled cells were incubated with iberiotoxin, paxilline or 4-AP for 3 min before stimulation with TPA. The calcium ionophore A23187, with BAPTA, EGTA and the channel openers NS1619 or levcromakalim, were added with or without TPA unless otherwise indicated. For depolarization studies, neutrophils or eosinophils were incubated in HEPES buffer containing 136 mM KCl.
Electrophysiology
Patch-clamp studies were performed on freshly isolated neutrophils and eosinophils. Membrane currents were recorded with an Axopatch 200B amplifier (Axon Instruments). Data were acquired and analysed with a Digidata interface (1200A or 1322; Axon Instruments) and pClamp software (version 6.0 and 8.0; Axon Instruments). Cells were voltage-clamped at 230 mVand pulsed for 400 ms from 2100 mV to þ 140 mV in 20-mV increments. Currents were measured at the end of the pulse at þ140 mV. Statistical analysis was performed by using one-way analysis of variance with a Bonferroni or Student-Newman-Keuls post hoc test. For the perforated-patch experiments, a stock solution of 100 mg ml 21 amphotericin B in DMSO was prepared and diluted in the pipette solution to give a final concentration of 200 mg ml 21 amphotericin B. Stable access was obtained after 20 min, and cell capacitance was about 1-5 pF. Series resistance was not routinely corrected for. Agents were applied to the bath with a gravity-driven perfusion system. The pipette solution contained (in mM): 140 KCl, 10 NaCl, 2 MgCl 2 , 0.7 CaCl 2 , 1 EGTA and 10 HEPES (made to pH 7.3 with KOH). Cells were perfused with an extracellular buffer containing (in mM): 140 NaCl, 2.5 KCl, 0.5 MgCl 2 , 1.2 CaCl 2 , 101 HEPES and 5 glucose (made to pH 7.4 with NaOH).
Confocal imaging
Cells were loaded with either 5 mM Indo-1 or 5 mM carboxy-SNARF AM for 20 min, washed in Hanks balanced salt solution and plated at low density on 22-mm glass coverslips, which were mounted on the stage of a Zeiss ultraviolet-visible confocal microscope equipped with a META detection system. Indo-1 fluorescence was excited at 351 nm and an emission ratio was acquired on two channels at 410 and 490 nm, and SNARF emission was detected at 530 and 580 nm, each with a 25-nm bandwidth. Indo-1 tends to bleach, so laser power was kept as low as possible; images were therefore a little noisy. The dual-emission ratiometric measurements are important here to avoid artefacts due to cell movement after stimulation. Oxidase activation or effective inhibition was confirmed with hydroethidine (1 mM) to monitor radical formation, excited at 543 nm and measured at 580-650 nm. Drugs were added to the chamber as concentrated stocks to reach the desired final concentration.
In addition, images of cells loaded with fura-2 AM (5 mM for 20 min) were acquired at low power on a cooled charge-coupled device-based imaging system. Fluorescence was excited alternately at 340 and 380 nm and measured at more than 510 nm.
Subcellular fractionation of neutrophils, western blotting and PCR
Plasma and granules were prepared from neutrophil post-nuclear supernatants, and granule membranes removed as described 3 . Membranes were purified at the interface of discontinuous sucrose gradients of 15% on 30% sucrose (w/w) western blots, which were processed as described 15 . Protein run on gel was as follows: homogenates of eosinophils and neutrophils, 18 mg; granule and plasma membranes, 10 mg; cytosol, 20 mg. In control experiments, the antibody was incubated with the immunizing peptide (50 mg ml
21
) for 30 min before use. RT-PCR of BK Ca mRNA extracted from HL-60 cells before and after 5 days of DMSO-induced differentiation was as described 15 . The marker used was FX-174 Hae.
Measurements of neutrophil function in vitro
Microbial killing, digestion, iodination, oxygen consumption and superoxide generation were studied as described 3 . For killing studies, 10 8 neutrophils in 1 ml Dulbecco's PBS were Figure 4 Inhibitors of BK Ca channels abolish microbial killing and digestion. a-c, Killing of S. aureus (a; n ¼ 5), S. marcescens (b; n ¼ 2) and C. albicans (c; n ¼ 2) was inhibited by iberiotoxin and paxilline, whereas survival in the presence of 4-AP or NS1619 was no different from that of control neutrophils (circles). d, Digestion of 35 S-methionine-labelled S. aureus was prevented by both iberiotoxin (n ¼ 3) and paxilline (n ¼ 3) but was similar to that of the control (n ¼ 3) in the presence of NS1619 (n ¼ 3). e-g, None of these modulators of the BK Ca channel altered oxygen consumption (e), phagocytosis (f; as fluorescent intensity units (FIU), n ¼ 3, impaired by cytocalasin B (cyto B)) or iodination (g; inhibited by DPI).
letters to nature preincubated with iberiotoxin, paxilline, 4-AP or NS1619 for 3 min in a rapidly stirred oxygenated chamber at 37 8C, then mixed with 10 8 IgG-opsonized microbes. Phagocytosis was measured as described 7 using fluorescent rather than radiolabelled bacteria. 
Superoxide dismutase activity
